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Low Energy Leptonic CPV and Leptogenesis: Summary

Leptogenesis: see-saw mechanism; N; - heavy RH v's;
Nj, v, - Majorana particles

Nj: M1 < My < M3

The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase § in Upmns, NO other sources of CPV
(Majorana phases in Upmns equal to 0, etc.); requires My =2 101! GeV.

mi1 << mo <K ms3 (NH)Z
|sinf13 sind| £ 0.09, sinfi13 2 0.09; |Jcp| R 2.0x 1072

m3 <K m1 < mo (IH):
| sin 613 sin | & 0.02, sinf13 2 0.02; |Jcp| & 4.6 x 1073

B. CP-violation due to the Majorana phases in Uppns, NO other sources of CPV
(Dirac phase in Upmns €qual to 0, etc.); requires M; 2 3.5 x 1010 GeV.

C. CP-violation due to both Dirac and Majorana phases in Uppmns.

D. Y can depend non-trivially on min(m;) ~ (107> — 1072) eV.

S. Pascoll S.T.P., A Riotto, 2006 (A-C);
E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007 (D).



Compelling Evidences for v—Oscillations: 3-r mixing

L= 2. UyvjL  l=enprT
=1

B. Pontecorvo, 1957; 1958; 1967;
Z. Maki, M. Nakagawa, S. Sakata, 1962;



Three Neutrino Mixing

3
v — E Ule/jL .
=1

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,

Uel UeQ Ue3

UT]. UT2 U7'3
e U - n X n unitary:

n 2 3

mixing angles: n(n—1) 1 3 6
CP-violating phases:
e v;— Dirac: f(n—1)(n—-2) 0 1 3
e vj— Majorana: tn(n —1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majorana phases
S.M. Bilenky, J. Hosek, S.T.P.,1980;
980'

J. Schechter, JW.F. Valle/1 ,
M. D0| T. Kotani, E. Takasugi, 1981



PMNS Matrix: Standard Parametrization

1 0 0]
U=V | 0 &= 0
0 0 €3
C12C13 812C13 s13€” %
V = | —s12c23 — c12823513€"°  c1ac23 — S12823513€°  s23C13
812823 — C12C23813€"°  —c12823 — $12C23513€°  ca3Ci3

® sij = Sin0;;, c;j = cosby, 0;; = [0,3
e 0 - Dirac CP-violation phase, § = [0, 27],

e o1, @31 - the two Majorana CP-violation phases.
e Am2 = Am3, £ 8.0 x 1075 eV2 > 0, sin?612 £ 0.30, cos261» 2 0.28 (20),

|Am2, | = |Am3,| £ 2.5 x 1073 eV?, sin?203 = 1,

atm|

613 - the CHOOZ angle: sin?6:3 < 0.027 (0.041) 20 (30).
A.Bandyopadhyay, S.Choubey, S.Goswami, S.T.P., D.P.Roy, hep-ph/0406328 (updated)
T. Schwetz, hep-ph/0606060; M. Maltoni et al, 2004 (v. 5)



e sgn(Am3,,,) = sgn(Am3,) not determined

Am2,, = Am3; >0, normal mass ordering

Am?2,, = Am3, < 0, inverted mass ordering
Convention: M1 < M2 < M3 - NMO, m3 < mj1 < mo - IMO

my1 <K mp K ma, NH,
m3 < mip < mp, IH,

mi = mo = ma, m%,2,3 >> Am2, QD; m; 2 0.10 eV.

« Majorana phases asq, a31:

— V] <> Uy, V] <> Uy not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987

— ‘<m>| in (88)o,—decay depends on x91, (31;
— N'(u — e+ ) etc. in SUSY theories depend on w21 31;

— BAU, leptogenesis scenario: (21 37



Future Progress
e Determination of the nature - Dirac or Majorana, of v; .

e Determination of sgn(Am3,,,), type of v— mass spectrum

mi << m2<<m37 NH7
m3 < myp < mp, IH,
mi1 = mo = ma, m%,2,3 >> Amgtm, QD; m; & 0.10 eV.
e Determining, or obtaining significant constraints on, the absolute scale of v;-
masses, or min(m;).

e Status of the CP-symmetry in the lepton sector: violated due to § (Dirac),
and/or due to as1, az1 (Majorana)?

e High precision determination of Am2, 6o, Am3,,, Oatm.

e Measurement of, or improving by at least a factor of (5 - 10) the existing upper
limit on, sin®06;s.

e Searching for possible manifestations, other than v;—oscillations, of the non-
conservation of L;, l =e,u, 7, Such as pu — e+ ~, 7 — -+, etc. decays.



e Understanding at fundamental level the mechanism giving rise to the vr— masses
and mixing and to the L;—non-conservation. Includes understanding

— the origin of the observed patterns of vr-mixing and v-masses ;
— the physical origin of CPV phases in Upmns ;

— Are the observed patterns of v-mixing and of Am%ml related to the exis-
tence of a new symmetry?

— Is there any relations between g—mixing and v— mixing? Is 01> 4+ 0.=n/4 7
— Is 03 = /4, or O3 > w/4 or else O3 < w/47

— Is there any correlation between the values of CPV phases and of mixing
angles in Upmns”?

e Progress in the theory of r-mixing might lead to a better understanding of the
origin of the BAU.

— Can the Majorana and/or Dirac CPVP in Upmns be the leptogenesis CPV
parameters at the origin of BAU?



Rephasing Invariants Associated with CPVP

Dirac phase §:

JC’P =1Im {Uel U'U,Q U:Q U,:l} .
C. Jarlskog, 1985 (for quarks)

CP-, T- violation effects in neutrino oscillations
P. Krastev, S.T.P., 1988

Majorana phases a»1, asi:

S1 =Im{UU3}, So=Im{UoU}3} (not unique); or
Sy =1Im{UnUb}, Sh=1Im{UrU}

J.F. Nieves and P. Pal, 1987, 2001
G.C. Branco et al., 1986
J.A. Aguilar-Saavedra and G.C. Branco, 2000

CP-violation: both Im {U.1U}3} # 0 and Re{U.1Us} # 0 .
S1, Sz appear in |[<m>| in (B83)o,~decay.

In general, Jop, S1 and S> are independent.



Dirac CP-Nonconservation: ¢ in Uppmns

Observable manifestations in

— — /
v <—vpy, vp<=vy, LU=eppr
e not sensitive to Majorana CPVP 21, (31

CP-invariance:
N. Cabibbo, 1978

S.M. Bilenky, J. Hosek, S.T.P.,1980;
— — V. Barger et al.,1980.
Py—uw)=PH—0), l#I=epr ’
CPT-invariance:
P(yy — vy) = P(up — 1)
=1 P(VZ%VZ):P(EZ%IZ)

T-invariance:
Py —w) =Py —uv), 1 F1
3/ —mixing:

Agé):P(mew)—P(mew) £ =e u, 7

Agl{’l/) =Py —vy)— Py — ), l # I

A(e p) A(M,T) A(e T)

P.I. Krastev, S. T.P., 1988



In vacuum: A(e W = JepFvac

osc

Jop =IM{Ua U ULU; } = sm 2015 Sin 203 sin 2613 cos B13SiN §

A 2
V¢ — sin 21L sin 32L sin(2™13
( 5 ) + ( ) + ( Y5 )

oSsc

] P.I. Krastev, S.T.P., 1988
In matter: Matter effects violate

CP: P(Vl — Vl/) 74: P(Dl — Ijl/)

CPT : P(I/l — I/l/) # P(ﬁl/ — 171)

P. Langacker et al., 1987

Can conserve the T-invariance (Earth)
Py —uv) =Py —wv), lL#FT

In matter with constant density: A(e’“) = Jmath‘S%t

JgnFa)t — Jvac RCP
Rcp does not depend on 623 and §; |Rep| S 2.5
P.I. Krastev, S.T.P., 1988



HOW?
o« Reactor Experiments ~ 2 Km
Sin 26013

e« Super Beams: 613, 9, ...

JHF (T2K), SK (HK) 295 km
NuMI (NOvA) ~800 km

SPL+pB3—beams, UNO (1 megaton):
CERN-Frejus ~140 km

v—Factories ~ 3000, 7000 km



If Vj— Majorana particles, UppNs contains (3- mixing)
J-Dirac, 21, (31 - Majorana physical CPV phases

V-oscillations V] <= vy, ljl > Dl/, LI =e,u,,
e are not sensitive to the nature of /;,

S.M. Bilenky et al.,1980;
P. Langacker et al., 1987

e provide information on Am? = m? —mg, but not on the absolute values
of /5 masses.

The Majorana nature of Vj can manifest itself in the existence of AL = +2
processes:

Kt —sa +put+put
o+ (AZ) > pt+ (A, Z-2)

The process most sensitive to the possible Majorana nature of I/j - (BB)ov-
decay

(A,Z) - (AZ+2)4+e + e
of even-even nuclei, “®Ca, °Ge, 8?Se, 1°Mo, '1°Cd, 13°Te, 13°Xe, °°Nd.
2N from (A,Z) exchange a virtual Majorana Vj (via the CC weak interac-

tion) and transform into 2p of (A,Z+42) and two free ¢ .



Nuclear Ovpp-decay

strong in-medium modification of the basic process
dd — uue_e_(f/e\_/e>

continuum

virtual excitation
of states of all multipolarities
in (A,Z+1) nucleus

0+

0" 4
(AZ) (A, Z+1)

(A, Z+2)

V. Rodin, talk at Gran Sasso, 2006



(8B)o,—Decay Experiments:
- Majorana nature of v;
- Type of v—mass spectrum (NH, IH, QD)

- Absolute neutrino mass scale

3H B-decay , cosmology: m, (QD, IH)
- CPV due to Majorana CPV phases

v;— Dirac or Majorana particles, fundamental problem
Vj—Dirac: conserved lepton charge exists, L = Le+ L, + L+, V5 73 Vj

j—Majorana: no lepton charge is exactly conserved, V; = Dj
The observed patterns of ¥—mixing and of Am?2,,, and Am?2 can be related to
Majorana Vj and an approximate symmetry:
L'=1L.—L,— L,
S.T.P., 1982
See-saw mechanism: Vj— Majorana

Establishing that »; are Majorana particles would be as important as the
discovery of v— oscillations.



A(BB)oy, ~ <m> M(AZ), M(A,Z) - NME,

|<m>| — ‘m1|Ue1|2 _I_m2|Ue2|2 eiam _I_m3|Ue3|2 6iOé31

= |m1 2, 25+ mo s2, 2, e 4 ma3 52, el
12 ©13 12 €13 13

, (912 = (9@, (913- CHOOZ

21, (31 - the two Majorana CPVP of the PMNS matrix.
CP-invariance: as; = 0,47, az; = 0, £;
no1 = e = £1, nz; = = +1

relative CP-parities of /1 and V9, and of /1 and V'3 .

L. Wolfenstein, 1981;
S.M. Bilenky, N. Nedelcheva, S. T.P., 1984;
B. Kayser, 1984.



<m>]| : mMj, 0o = 012, 013, Q21,31

: : . 2 2
™M123 - in terms of min(m;), AmzZ,,,, Amg

S.T.P., AAYu. Smirnov, 1994
Convention: mi1 < mo <ms3z - NMO, m3z < mi < mo - IMO

2 _ 2 _ 2 2
Amg = Ams, mp = \/ml + Amg,

while either

Amiy, = Am3; >0, m3 = \/m% + Am2,,, normal mass ordering, or

Ami, = Am3, <0, m1 = \/m§ + |AmZ.,| — Am2, inverted mass ordering

The neutrino mass spectrum —
Normal hierarchical (NH) if m1 << mo << mg3,

Inverted hierarchical (IH) if mz << m1 = mo,

Quasi-degenerate (QD) if m1 = ma = m3 = m, m7 >> [Am3,|; m; R 0.1 eV

i 2
Given |AmZim

, Am?2, 0q, 613,

<m>| = |<m>| (Mmin, a21,@31;S), S = NO(NH),IO(IH).



A(BB)oy, ~ <m> M(AZ), M(A,Z) - NME,

[<m>| 2|\ /am2 singioe + \/Am3, sin? 15

, m1 K< ma K< m3z (NH),

| <m>| =2 /mZ+ AmZ, |cos? 015+ e sin?6;>

, m3 < (K)m1 < mo (IH),

~J

|<m>| = m‘COSQG]_Q _|_€ia Siﬂ2 912| , ™T123 =m 2 0.10 eV (QD),
(912 = (9@, 913-CHOOZ; a = 21, ﬂ —|— 20 = 31 -

CP-invariance: o = 0, +m, By = 0, &m;

|<m>| <5x103 eV, NH;
VAmMZ,cos201, 2 0.013 eV § |<m>| < \/AmZ; £0.055 eV, IH;

mcos201, S |<m>| <m, mz0.10eV, QD .



Ve, Am2, . CHOOZ Data:

atm?

® 010 =0y = g, 023 = Oatm = 7, 013 < 15
Vi1

2 2
U . 1 V3 1
PMNS — 2v2 2v2 V2
1 V3 1
2v/2 2v/2 2

Very different from the CKM-matrix!
o COSf12 =2 cos(Z — L) = \%(1 4+ ), sinfi &= (1)),

o )2 (0.20—0.25): 0o+ 0c=m/4 7



Natural Possibility:

U= U|Tep(/\> Ubim (tri)

with
1 1 2 1
i v 0 TR
1 1 1
Ubim = 2 2 V2 Utri = - % % — %
1 1 1
5 -5 5= 1 1 1
22V Ve V3 2
° Ul"ép(A) - from diagonalization of the [~ mass matrix,

® Upim(tri) - from diagonalization of the v—mass matrix

Further, Am?2 < |Am2

atm|-

e Upim Can be associated with a symmetry:

L/ pr— L@ - L“ - LT
S.T.P., 1982
® Upim(triy Can be associated with a p — 7 symmetry of M,
T. Fukuyama, H. Nishiura, 1997; R.N. Mohapatra, S. Nussinov, 1999;...

These symmetries cannot be exact.



The Case of CP Nonconservation

Miep = Ul m3® Uz , M, =UI'md29U, ; U=¢e*PUQ

e

UPMNS — UE UV — UT R/ UV QI/

lep

o Ulep, U, - CKM-like: (343) angles, (1+1) CPVP
e P, =diag(1,e",ev), Q, =diag(1,e"”,e"7): 4 CPVP

Upmns: 3 angles, 3 CPVP

Al

lep P, U, Q,: 6 angles, 6 CPVP; textures, symmetries



U, = PU,Q = diag(1, e, ™) U, diag(1, e, ')

= P O23(033) U13(073,&) O12(075) Q

v o v v o v v o —i€
C12 €13 S12 €13 S13€
— PN N N VN VPN N 13 VoV oV oV oV i€ v oV
=P $12Cp3 — €12 523513 € C12Cp3 — 512523513 € S23 €13
v oV VU oV i€ PN N N VN VN VN 13 v U
S$12 823 7 €12 Cp3513€ C12 823 = S12€23513¢€ C>3C13

Uy = 023(053) U13(643, %) O12(655)

¢ ¢ 4 ¢ _—i

C12 €13 S12 €13 S13€

_ ¢ 0 Y ¢ Y Y A ¢ 0
- _512023_012523313€¢ 012023_512323313€¢ $53 €13
¢ 0 ¢ 00 i ¢ 0 ¢ 0 0 i ¢
312523_012023513€¢ _012823_312023513€¢ C>3C13

cos 6 O sinfe s
U13(0, k) = 0 1 0
—sinfe* 0 cos 6



Suppose U, - bimaximal (real) and arises from

0 et e—zd
m > ] — o~/
M, = —\/_ e o) € eV :
2 —1i0 —17 0
(& € €

o, 6,9 - phases, e < 1

Am2,. = m2, Am2 = /2eAm2,,,, € ~0.025, IH v— masses
In the limit e =0 and Uep = 1,

L'=L.—L,— L; is conserved.

For Ue, #1, (¢/ —7'), (8 —4') physical CPVP,

Q, =1, P, = diag(1,ef =) eile'=7))

Upmns = U

IepPVUbimax: 3 angles, 3 CPVP

In general, Dirac and Majorana CPV phases are independent.

However, for all Singei]’ = A\ij < X small, in the model we are considering and to
leading order in X,

l<m>| = 1\/|AmZ,| |cos20c +i8Jcp| .

P. Frampton, S.T.P., W. Rodejohann, 2004



Rephasing Invariants Associated with CPVP
Dirac phase §:

JCPZIm U1U2U*2U*1 .
(U1 U2 Uz Uy § C. Jarlskog, 1985

CP-, T- violation effects in neutrino oscillations
P. Krastev, S.T.P., 1988

Majorana phases as1, a31:

S1 =Im{UU}5}, So=Im{UoU}5} (not unique)
J.F. Nieves and P. Pal, 1987, 2001
_ G.C. Branco et al., 1986
J.A. Aguilar-Saavedra and G.C. Branco, 2000

S1, Sp appear in |[<m>| in (B83)o,~decay.
In general, Jop, S1 and S> are independent.
However, for, e.g., all sin‘6;; = \;; < A small, in the model we are considering and

to leading order in A\,
S1 So

Y

Jop >~ ~ ,
“P=5/2 2v2

and

l<m>| = 1\/|AmZ,| |cos20s +i8Jcp| .

P. Frampton, S.T.P., W. Rodejohann, 2004



Suppose further that M, has u — 7 symmetry:
U, = PU,Q = diag(1, e, ™) U, diag(1, e, e'")
= P O023(033 = —m/4) U13(073 = 0,&) O12(075) Q

= P 023(—7'('/4) 012(0112) Q

Uy = 023(05 = 0) Ur3(055 = 0,9) 012(6%5) = 012(61,)
Now
UPI\/INS pmy UT U = OlTQ(Qiz) P023(—7T/4) 012(9112) Q

lep ~V

=P 012(—9;{2) diag(e™,1,1) O23(—7/4) 012(07,) Q

U, = O12(012) diag(e ™, 1,1) O23(h23) O12(615)

/= —10’ ~ I3 ~ / —10’ I =3 S~ T
cipCioe " —(C23875,512 Ci1281,€ ¥ +C15C23512 512523

~ = / Iz —10
—C12 €23 875 — C15 S12€" "

> S/

/| == 13 —1i0
€1, C12C23 — S15,812€ "

C12 S23

! = /= ~



For sin‘61o = \1» small, to leading order in X,
sin? 012 = sin? 6, — sin 204, |U.3| cos ¢ ,

¢ is the Dirac CPV phase,

sin? 012 = sin? 64, + \/|U63|2 sin? 264, — 16 Jép ,

K. Hochmuth, S.T.P., W. Rodejohann, 2007

<m>| = \/|Am§tm| \/1—sin229@sin20—|—8jgpsin 20, IH spectrum,

o= o = ap1 IS Majorana CPV phase.
L. Everet, S.T.P., 2007



Best sensitivity: Heidelberg-Moscow °Ge experiment.

Claim for a positive signal at > 3o
H. Klapdor-Kleingrothaus et al., PL B586 (2004),

<m>| = (0.1 -0.9) eV (99.73% C.L.).

IGEX "°Ge: |<m>| < (0.33-1.35) eV (90% C.L.).
Taking data - NEMO3 (}°°Mo), CUORICINO (139Te):
l<m>| <(0.7-1.2) eV, |<m>| <(0.18-0.90) eV (90% C.L.).

Large number of projects: |<m>| ~ (0.01 —0.05) eV

CUORE - 130Tg,
GERDA - "%Ge,
SuperNEMO - 82Se,
EXO - 136Xe,
MAJORANA - 7°Ge,
MOON - 199\,
CANDLES - 48Ca,
XMASS - 136Xe,



1 T T T T T TTTT T T T T TTTTT

QD

0.1

0.001

—_

0.0001 0.01

m . [eV]

S. Pascoli, S.T.P., 2006

The current 20 ranges of values of the parameters used.



0.1 -
> o N
L, i
TE\ 4
v 0.01 —
0.001 g NH E
C 1 1 | | 1 1 | | 1 | 1 1 11 1111 | I_
le-05 0.0001 0.001 0.01 0.1 1

m [eV]

MIN

sin? 613 = 0.015 4 0.006; 1o(Am2) = 4%, 1o(sin?0s) = 4%, lo(|Am2,,|) = 6%;

20(]<m>| ) used.



Majorana CPV Phases and |<m>|
CPV can be established provided
— |<m>| measured with A < 15% ;

— Am2

atm

(IH) or mo (QD) measured with § < 10% ;

— £S5 15;

— a21 (QD): in the interval ~ [T — %T”], or ~ [%ﬁ _ 3777] :

— tan2 9@ 2 0.40 .
S. Pascoli, S.T.P., W. Rodejohann, 2002

S. Pascoli, S.T.P., L. Wolfenstein, 2002
S. Pascoli, S.T.P., T. Schwetz, hep-ph/0505226

No “No-go for detecting CP-Violation via (883)q.,-decay”
V. Barger et al., 2002



Absolute Neutrino Mass Measurements

The Troitzk and Mainz 3H (B-decay experiments

my, < 2.3 eV (95% C.L.)

There are prospects to reach sensitivity
KATRIN : my, ~ 0.2 eV

Cosmological and astrophysical data: the WMAP result combined with data from
large scale structure surveys (2dFGRS, SDSS)

d my=%¥ < (04-17)eV
J
The WMAP and future PLANCK experiments can be sensitive to

> m; 0.4 eV
J

Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAP and PLANCK experiments may allow to determine

RE 5 £ 0.04 eV.
J



M, from the See-Saw Mechanism

P. Minkowski, 1977.

M. Gell-Mann, P. Ramond, R. Slansky, 1979;
T. Yanagida, 1979;

R. Mohapatra, G. Senjanovic, 1980.

e EXxplains the smallness of yr—masses.

e Through leptogenesis theory links the r—mass generation to the generation
of baryon asymmetry of the Universe Yp.

S. Fukugita, T. Yanagida, 1986.

e In SUSY GUT's with see-saw mechanism of vr—mass generation, the LFV decays

p—ety, Toput+y, T—oet+vy, etc

are predicted to take place with rates within the reach of present and future
experiments.

F. Borzumati, A. Masiero, 1986.
e The v; are Majorana particles; (86)o,—decay is allowed.

See-Saw: Dirac v-mass mp + Majorana mass Mg for Ng



The See-Saw Lagrangian

L(z) = Lcc(z)+ Ly(z) + LY (2),
Lec = — % 12(2) Yo vi(z) WoT(z) + h.c.
Ly(z) = X\gNip(z) H' (z) i (x) + Y, H(x) Ir(x) Yy (z) + h.c.,
Nz = - % M, Ni(z) Ni(z) .

Y1, - LH doublet,),) = (v 1), lr - RH singlet, H - Higgs doublet.
Basis: Mr = (M1, M2, M3);, Dy = diag(M1, M2, M3), D, = diag(mi, m2,m3).
M ) generated by the Yukawa interaction:

— L% = XNy NigH ()i (x), v =174 GeV, v\ = mp — complex

For Mp - sufficiently large,
my ~ 02 XEMZEA = Upyns m329 UL s -

Y, =X=+Dy R VD, (Upmns)' /vy, all at Mr ; R-complex, RTR = 1.

J.A. Casas and A. Ibarra, 2001
In GUTS, Mrp < Mx, Mx ~ 101° GeV;

in GUTSs, e.g., Mp = (102,102,105 GeV, mp ~ 1 GeV.



The CP-Invarinace Constraints
Assume: Cw)l'=v;, C(NT =N, 5,k=1,23.

The CP-symmetry transformation:

Ucp Nij(z) Ul = Ny o Nij(@'), ny " =ip) = +i,
Ucpvi(z) ULy = n youn(a), nfF =ip}l = +i.
CP-invariance:
Bo= ANy it j=1,2,3, l=e,p,T,
Convenient choice: n' =4, nl=1 (Y =1):
o= ey, py =1,
Ul?' = Uljﬂ?? p]V::l:]-)
;'(k; — Rjkpévp%7 j7k:172737 lzealuaT?

M, Ui, Ry, - either real or purely imaginary.

Relevant quantity:
Pitmi = RixRim U, U, E#m,

CP:  Phy = Pirwa (07 (00)? (040)° = Piggnts  IM(Pjms) = 0.



Pitmi = RixRim U, U, k#=m,
CP: emt = Pjkmi (Pé\])2 (P2 (02)° = Pigmi, Im(Pirm) = 0.
Consider NH N;, NH v: Piozr = R1o R13 U, Uss
Suppose, CP-invrainace holds at low E: § =0, a1 =, a31 = 0.
Thus, U, U;3z - purely imaginary.

Then real R1» Ri13 corresponds to CP-violation at “high” FE.



Leptogenesis
Yp ="~ 86 x 107 (n,: ~6.3x10719)

112

Y= —-1072 €K

W. Buchmiller, M. Plumacher, 1998;
W. Buchmduller, P. Di Bari, M. Plumacher, 2004

K— efficiency factor;: kK~ 101 —-10"3: € = 107.

€. CP—, L— violating asymmetry generated in out of equilibrium Ngj—decays in
the early Universe,

(N1 > 0t) =T (N1 — dT7)
(N1 — D 0H) + T (N, — DT )

€1

M.A. Luty, 1992;

L. Covi, E. Roulet and F. Vissani, 1996;
M. Flanz et al., 1996;

M. Pliumacher, 1997;

A. Pilaftsis, 1997.

k = k(m), M - determines the rate of wash-out processes:

ot +0- = Ny, ¢~ + Dt = D+t etc.

W. Buchmuller, P. Di Bari and M. Plumacher, 2002;
G. F. Giudice et al., 2004



Low Energy Leptonic CPV and Leptogenesis

Assume: M) < My <« M3
Individual asymmetries:

3M1 Im (Zj,k; m;/QmZ/QUZ}Ullelek)

€1l = — 5 5 , v=174 GeV
167y 25 myj | Raj
2
[ Aqy]?? 1/2 14 _
m; = M, = ;lemk Url » l=epu,T.

The “one-flavor” approximation - Ye,r - “small”:
Boltzmann egn. for n(N1) and AL = A(L.+ L, + L;).

Y; H(x)lp(x)vy- out of equilibrium at T ~ M.
One-flavor approximation: M1 ~ T > 1012 GeV

2 p2
3M, Im (Zy,k ij1j>
€1 = Zall — _16 > ) )

I T Zk M |R1k‘|

mi o=y my=Y my|Rul’.
l K




Two-Flavour Regime

At M; ~T ~ 102 GeV: Y; - in equilibrium, Y., - not; dynamics changes: 7, TEL
Tp + N1 — vL + 7g, N1+VL—>T§+TI—J_, etc.

e1r and (e1. 4+ €1,) = €2 evolve independently.

Three-Flavour Regime

At M1 ~T ~ 10° GeV: Y;, Y, - in equilibrium, Y, - not.

€1r, €1 and g1, evolve independently.

Thus, at M; ~ 10° — 1012 GeV: L., AL, - distinguishable;
Le, L,, AL., AL, - individually not distinguishable;

Le+ Ly, A(Le+ L)
A. Abada et al., 2006; E. Nardi et al., 2006
A. Abada et al., 2006



Individual asymmetries:
Assume: M; < Mo < Mz, 102 < M; (~T) < 1012 Gev,

30 1M (ng mgl-/zmi/zU;;Uuﬂlele)

€11 — —
167v? > mi | Rl
2
— _ [AulPe? 1/2
m=—— = E Riyem, ' “Up| , l=eu,7
M4 -

The baryon asymmetry is

, 12 a7 N 300 _
~/ —_ € —m €r mr )
B 37¢. \ 2"\ 580" "\ 589
-1
) my ‘1+ 0.2 x 10-3ev) 11°
m ~ ——
AT 8.05 x 10-3 eV o

Y = —(12/37) (Y2 + Y;),

Yo=Y.4,, e2=c¢€1ct+c1y, mo2=mic+ miy,
A. Abada et al., 2006; E. Nardi et al., 2006
A. Abada et al., 2006



Real (Purely Imaginary) R: €1; # 0, CPV from U

€le T €1yt €1 =2+ €1, = 0,

3M; Im (Zj,k: m;/QmZ/QUjjUTlejR1k>

2
167y 25 myj | Raj

€1r = —

BMy Ly ™y * (e — ) RagRadm (U7, Un)
= - > 5 alele =+ |R1]le| )
167v >_;my [ Rl

3V, X, mi 2mi/?(my, 4 my) |RujRuy| Re (U2, Un)

:F
167v? > mi Rl

) lele — :|:’i|R1jR1k|

S. Pascoli, S.T.P., A. Riotto, 2006.

CP-Violation:  Im (UXU) #0, Re(U5Ur) # 0;

12 e1; 390 _ 417 _
Yp = —— N\ —s=mr| —n| —gzm2




m1 < mo < m3, M1 < Mas; Ri2Riz — real; mi1 20, Ri1 =0 (N3 decoupling)

3My\/AmZ, [ Am2

=1 - N 1671"02 (AmQ ) Am?2 \ 2
- (A;:ii) [Ri2[* + | Ras]?

|R12R13)|

Am%
x [1=— | Im (U,0:3)

V Am%l

Im (U:QUT?;) — —C13 [023823612 sSin (%) — 033512313 Sin (5_%>]

Q3> — T, 60 =0: RG(U:QUT3) =0, CPV due to R
S. Pascoli, S.T.P., A. Riotto, 2006.



M1 <« My < M3, m1 < mp < m3 (NH)
Dirac CP-violation

azp =0 (27), Bz =m (0); [23 = P12+ P13 = arg(Ri12R13).

|R12]%2 £ 0.85, |R13]2 =1 — |R12]? £ 0.15 - maximise |e;| and |Y3]:

1092 GeV
Y| 2 8 x 10711, M; $ 5 x 10! GeV imply

M
Vs 222.8x 10713|sing| (813)< ! )

|sinfi3 sind| =& 0.11,  sinf;3 = 0.11.

The lower limit corresponds to

|Jcp| & 2.4 x 1072

FOR a3z =0 (27‘(’), B2z = 0 (71')3

|sinf13 sind| £ 0.09,  sinfi3 % 0.09; |Jcp| & 2.0 x 1072



M1 < My < M3, m1 < ma < m3 (NH)
Majorana CP-violation
0 = 0, real Riz, Ri3 (B3 = 7 (0));

az> = w/2, |Riz]? = 0.85, |R13|? =1 — |R12|? £ 0.15 - maximise |e;| and |Y3|:

Am?2 M
Yp| 22x10712 [ Y281 S
0.05 eV | \10° GeV

We get |Yg| & 8 x 1071, for M; 2 3.6 x 1010 GeV




M; < My < Mz, m3z < m1 < mo (IH)
m3 =2 0, Riz £ 0 (N3 decoupling): impossible to reproduce Y5> for real Ri1Ri2
Dirac CP-violation, purely imaginary R11Ri2

a1 =7, R11R12 = ik|R11R12

, k=1,

|R11| = 1.07, |R12|2 = |R11|2 — 1, |R12| = 0.38 - maximise |e-| and |Yp|:

10° GeV
Y| 2 8 x 10711, M; < 5x 10 GeV imply

M
Yp| 8.1 x 10 12 |s13 sin g ( - ) :

|sinf13 sind| & 0.02, sinf13 < 0.02.

The lower limit corresponds to

|Jep| 2 4.6 x 1073



M1 < Mz < M3, m3 < m1 <mz (IH)

Majorana or Dirac CP-violation

m3 7 0, R13 7 0, R11(R12) = 0: possible to reproduce Y3* for real Ryp(11)Ri13 7 0
Requires m3z £ (107> — 1072) eV, non-trivial dependence of |Yg| on m3

Majorana CPV, § =0 (7): requires M; 2 3.5 x 101° GeV

Dirac CPV, aszy31) = 0: typically requires M; & 10! GeV

Y| & 8 x 1071, M; £ 5x 10 GeV imply

|sin 613 Sin 5|, Sin 013 2 (0.04— 0.09).

The lower limit corresponds to

|Jcp| 2 (0.009 — 0.02)

NO (NH) spectrum, mi < (<) mo < masz: similar dependence of |Yg| on my if
Ri> = 0, R11R13 # 0; non-trivial effects for m; £ (107> -5 x 1072) eV.

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007
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125
210
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51
251
or.. . N

M; < My < M3, mi1 < mo < ma; Dirac CP-violation, az> = 0; 2m7;
real Rip, Ri3, |R12|2 + |Rl3|2 =1, |R12| = 0.86, |R13| = 0.51, sign (Ri12R13) = +1;
i) azp =0 (k' = +1), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line);
i) azp =27 (k' = —1), s13 = 0.2 (light blue line);
M; =5 x 101! GeVv.
S. Pascoli, S.T.P., A. Riotto, 2006.



No flavour effects

M,[GeV]

m3 < m1 < mp, M; < My <K M3, real le; M, = (109—1012) GeV, s13 = 0.2:0.1:; 0;
Ry, varied within |R13|? + |R12|? 4+ |R13|° = 1; a1, a31,d varied in [0,27];
min(M;) for given ms: |Yp| = 8.6 x 10~11; absolute minima of Mj:

m3 =2 5.5 x 1074, 5.9 x 1073 eV, az =2 7/2, M1 = 3.4 (3.5) x 101° GeV.

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007



my [10'3 V] my [10'3 V]

mz < m1 < my (IH), Ri1 =0, real R1»R13, Majorana CPV;
az> = /2, s13 =0, M1 = 10 GeV; i) sgn(Ri2R13) = +1; ii) sgn(Ri2R13) = —1.

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007
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mz < m1 << mp (IH), Ri1 =0, real Ri1»,R13, Dirac CPV, az> = 0;

s13 = 0.2, § =7/2, M1 = 10! GeV; i) sgn(Ri12R13) = +1; ii) sgn(R12R13) = —1;
i) sin?6,3 = 0.50;0.35; 0.64 (red solid, dotted, dash-dotted lines);

i) sin®6>3 = 0.50 (blue dashed line);

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007



Ygl

[ [03,=T03
i (x31:'r|'/2 ................
02,=2T13 ———
o == v
0.00001  0.0001  0.001 0.01 0.1

m,[eV]

mi1 < mo <m3 (NO(NH)), Ri» =0, real Ri1R13, Majorana CPV, s13 = 0;
sgn(R11R13) = —1, sin?6>3 = 0.50, M; = 3 x 10! GeV;,
azp = 27w/3;7/2; 7/3 (red, blue, green lines).

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007
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M1 < My < M3, m1 < ma < mz; M1 =5 x 1011 GeV;
Dirac CP-violation, az; = 0 (27);
|R12| = 0.86, |R13| = 0.51, sign (R12R13) = +1 (—1) (f23 =0 (m), v = +1);
The red region denotes the 20 allowed range of Yg.
S. Pascoli, S.T.P., A. Riotto, 2006.



3

M, <€ My < M3, mp € mo < m3;, Majorana CP-violation, § = 0;
real Riz, Ri3, |R12] = 0.92, |R13| = 0.39, sgn(R12R13) = +1 (B3 =0, kK = +1);
M; =5 x 1019 GeV, s13 =0 (blue line) and 0.2 (red line).

S. Pascoli, S.T.P., A. Riotto, 2006.
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Riy

M; < My < Mz, m1 < ma < mz; M; =5 x 10! GeV;

real Ri2, Ri3, sign (Ri2R13) = +1, R%Q + R%3 =1, s13 = 0.20;

a) Majorana CP-violation (blue line), 6 =0 and az; =7/2 (k = +1);
b) Dirac CP-violation (red line), § = #n/2 and az; =0 (k' = +1);
Am?2, sin? 612, Am2,, sin® 20,3 - fixed at their best fit values.



%)

M <L My LK M3, mzag<<Kmi <mo, M1 =2X 10! GeV;
Majorana CP-violation, § = O;
purely imaginary Rii1Riz2 = ik|R11R12|, k = —1, |R11|? — |R12|* = 1, |R11| = 1.2;
s13 = 0 (blue line) and 0.2 (red line).
S. Pascoli, S.T.P., A. Riotto, 2006.



10

(Yg/10'")

M <L My LK M3, mzag<<Kmi <mo, M1 =2X 10! GeV;
Majorana CP-violation, 6 = 0O;
purely imaginary Ri1R1> = ik|R11R12|, K = +1, |R11]° — |R12/° = 1, |R11| = 1.05;
s13 = 0 (blue line) and 0.2 (red line).
S. Pascoli, S.T.P., A. Riotto, 2006.
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M <L My LK M3, mzag<<Kmi <mo, M1 =2X 10! GeV;
Majorana CP-violation, 6 = 0, s13 = O;
purely imaginary Ri1R1> = ik|R11R12|, K = +1 |R11|? — |R12|? = 1, |R11| = 1.05.
The Majorana phase ap; is varied in the interval [—7/2,7/2].
S. Pascoli, S.T.P., A. Riotto, 2006.



Low Energy Leptonic CPV and Leptogenesis: Summary

Leptogenesis: see-saw mechanism; N; - heavy RH v's;
N;, v, - Majorana particles

N;: M1 < M> < M3

The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase § in Upmns, NO other sources of CPV
(Majorana phases in Upmns equal to 0, etc.)

m1 < mop <K ms3 (NH)Z

|sin613 sind| & 0.09,  sinfi3 2 0.09; |Jcp| R 2.0 x 1072

m3 < m1 < mp (IH):
| sin 613 sin | & 0.02, sinf13 & 0.02; |Jcp| & 4.6 x 1073
B. CP-violation due to the Majorana phases in Uppns, NO other sources of CPV
(Dirac phase in Upmns equal to O, etc.)
C. CP-violation due to both Dirac and Majorana phases in Uppmns, NO other source

of CPV.
S. Pascoli, S.T.P., A. Riotto, 2006.



Conclusions

Determining the nature - Dirac or Majorana, of massive neutrinos is of funda-
mental importance for understanding the origin of neutrinO masses.

The see-saw mechanism provides a link between r-mass generation and BAU.
Majorana CPV phases in Upuns: (88)o,-decay, Y.
Any of the CPV phases in Uppmns Can be the leptogenesis CPV parameters.

Obtaining information on Dirac and Majorana CPV is a remarkably challenging
problem.

Dirac and Majorana CPV may have the same source.

Low energy leptonic CPV can be directly related to the existence of BAU.

Understanding the status of the CP-symmetry in the lepton sector is of funda-
mental importance.

These results underline further the importance of the experiments aiming to mea-
sure the CHOOZ angle 613 and of the experimental searches for Dirac and/or
Majorana leptonic CP-violation at low energies.



